Abstract
I. Introduction
Human activity is acceleratedly destroying environmental conditions of the earth. Specifically, contamination of air and water due to toxic gases such as NO,, SO,, and COz presents one of the biggest social problems which should be settled urgently. In addition to toxic gases, the dust produced by overcultivation or firing forests also influences a climate environment through the competing effect of cooling the earth due to scattering of visible range and warming the earth due to absorption in the ir-range [ 11. Under these circumstances, continuous assessment of living and working environments is regislated for our comfortable and safety life [2], [3]. The regulated environments include temperature, relative humidity, 0-7803-5276-9/99/$10.00 0 1999 IEEE air flow for thermal condition assessment, and carbon monoxide, carbon dioxide, and dust concentrations for air condition assessment. The work described in this paper is concerned with the dust measurement.
A dust is defined as a fine particle smaller than 1 pm in diameter. Typical home dust includes fiber, pollen, ticks, and mold, which cause allergic symptoms. The average concentration in a general living environment ranges from 0.04 to 0.08mg/m3. In a house close to a heavy traffic road the concentration far exceeds the average, and the dust including exhaust gas causes chest troubles and asthma. Much more dangerous is the flammable dust in industries and mines, which causes by an explosion the great sacrifice of life. A dust monitor in its early stage of development was therefore intended for application to mines.
A standard way of measuring the dust concentration in space is to weigh or count the dust piled up onto a filter [4], [5] . This method allows a high-accuracy measurement, but its application to the real-time measurement is difficult. A conventional method for the real-time measurement is to detect the light scattered by the dust. Such optical monitoring systems are commercial, but too expensitive to prevail [6-91. In addition, their sensitivity is insufficient for accurate measurements of the dust concentration specified in the regulation, though enough for smoke detection. To realize a low-cost, high-sensitivity particle monitor applicable to the real-time environment assessment, a new optical system The light intensity scattered from sample particles is very low when the particle size and the particle concentration are very small. The sensitivity strongly depends on how small we can suppress the stray light from the excitation beam. If the focal length of the collimator lens is not small enough, the diameter of the excitation beam becomes larger.
Small surface roughness of collimator lens or collimator mirror scatters the excitation beam, though the scattered light intensity is so small and it does not surface of laser diode (LD) and the flat back surface of the first cylindrical lens (Cl) is 0.3 mm. Center thickness of two cylindrical lenses C1 and C2 along optic axis is 1 mm and 3.5 mm, respectively. Refractive index of the lens material is 1.52. C1 and C2 are contacting with each other.
The collimated light beam pass through two pin holes with diameter less than 1 mm and with the separation of 50 mm. When a collimated light beam passes through a pin hole slit, the edge of the slit emits spherical wave which spreads to whole direction and becomes a source of stray light. The collimated light beam enters to the integration room after passing through two pin hole slits. Let SI and S2 be the two pin hole slits and S3 and S4 be entrance and exit boles of the integration room. Distance between SI and, S2, and S2 and S3 is 50 mm, and S3 and S4 is 100 mm. The size of those pin holes should be Sl<S2<S3<S4. Size of the strong collimated light beam is limited only by S 1 . Slit size is decided so that diffracted light from cause any problems in usual case. The light scattered LD c1 c2 by the surface roughness cannot be collimated and becoimes stray light. Smaller beam diameter is bettei to suppiress the stray light intensity.
Smaller beam diameter with high power density requires shorter focal length for the collimator lens. We designed and fabricated shorter focal length collimator lens. Because the radiation pattern from LD is anisotropic, they consist of two cylindrical lens with non-circular cross section to suppress aberration. . Fig. 2 . Schematic view of the cylindrical collimator lens system the edge of S1 is limited by S2 but passes through S3 and S4.
The integration room has two holes, besides S3 and S4, for inlet and exit of sample air. Inside of the integration room is coated with silver. Particles of sample air scatter light of the excitation beam. The scattered light repeats multiple reflections until it reaches to a PIN-photo-detector (PD) of size 10 X 10 nun2 mounted inside the integration room. The present optical system has the following distinct features, comparing to conventional optical particle monitor which detects only the laterally scattered light;
(1) It detects light scattered into whole direction (4 7 t steradian), while a conventional system which detects light scattered only to a limited direction (typically less than 1/4 steradian).
(2) It detects light scattered into forward direction which is the strongest among the whole direction.
( 3 ) The excitation beam travels 100 mm to interact with particles while that of a conventional system is typically less than 10 mm.
It follows therefore that the sensitivity of the present optical system is more than two order higher than that of conventional systems. The merit of the integration of scattered light is also the demerit of easily detecting stray light. Reflection from the absorber becomes a part of the stray light. The pinpoint focusing of excitation light beam to the entrance pin hole of the absorber is required. The light scattered from S1 and passed through S4 must be reflected to other directions to avoid return back into the integration room or perfectly absorbed.
B. Signal Processing Units
In addition to the integration sphere in the optical system, elaborate signal processing techniques are used to realize the high signal-to-noise ratio (S/N). The first is the double-modulation of the laser diode which allows the large peak current drive and the narrow bandpass filtering of the received signal. Fig. 3 shows timing diagram of digital signals generated by logic circuits in the LD driving unit. Gating the 125 kHz carrier for 256 ps by the modulation signal, the unit produces the double-modulation signal. The carrier and two sample/hold (SKI) signals, 4, and &, are sent to the photo-detector (PD) unit for synchronous demodulation and averaging. The LD driving stage is shown in Fig. 4 . The stage consists of a voltage-tocurrent converter with sink current capability up to 1 A. The double-modulation signal is applied to the noninverting input terminal of op-amp A. Fig. 5 shows a block diagram of the photodetector unit. The unit consists of three blocks; the front-end, digital conversion, and counter blocks. the order of 50 pF. The optical source is modulated by 125 kHz. Thus, the PIN PD should be terminated by the low impedance load. The high-sensitivity IN conversion requires, on the other hand, the PD current to flow through a high impedance termination. To meet these requirements, an elaborate fiont-end is developed. The circuit diagram is shown in Fig. 6 . The PIN PD is terminated by the forward-biased base-emitter junction of a low-noise transistor Q2. The PD current amplified by the current gain p of Q2 flows through the tank circuit tuned to 125 kHz, to be converted into the voltage. The conversion gain is thus ORf. The inverting input terminal of op-amp A, is terminated by the high impedance and the circuit is stable. Fig. 7 shows a picture of the optical system with the top plate removed and signal processing units on printed-circuit boards. The counter block is housed in a metal case. Prior to assembly, performances of the optical system and signal processing units are evaluated independently. Fig. 8 shows the PD current when the dust concentration is changed from 0 to 0.4 mg/m3. The LD is driven by the dc current 80 mA. 'The dust used is an internationally traceable standard latex 0.5 pm in diameter. This plot indicates a large instantaneous fluctuation of dust concentration in the test chamber. The incremental PD current against the dust concentration is plotted in Fig. 9 . From this plot, the sensitivity is estimated to be 200 nA/(mg/m3). This sensitivity is lo2 to lo3 times higher than that of a conventional dust monitor, demonstrating the sensitivity enhancement by the integration sphere. Fig.  10 shows output levels of the front-end. The noise floor is -70 dBm and the output level when driven by the sinusoidal signal with 10 nA magnitude is -6 dBm.
Prototype Monitor
The noise-equivant input signal current is thus 10 pA. Converting it into the dust concentration, we can estimate that the dust concentration as low as 0.05 pg/m3 is detectable without the S / N improvement by the synchronous demodulation and averaging. Fig. 11 shows waveforms observed in the assembled monitor, confirming the satisfactory operation of the prototype monitor. to misalignment of the optical system and the electromagnetic interference from the LD driving unit to the fkont-end. An easily alignable optical source, shielding the signal processing units, miniaturization, and cost-reduction are future works toward a commercial dust monitor.
IV. Conclusions References
A particle monitor developed for real-time measurement of dust concentration in our living and working environments and its performances were described. The distinct feature is the high sensitivity owing to the integration sphere and the elaborate signal processing. Performances of the prototype optical system and signal processing units evaluated independently have shown that the dust concentration lower than 0.05 pg/m3 is detectable, but the minimum detectable dust concentration of the assembled monitor is 5 pg/m3. The deterioration is attributed due mainly 
